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Abstract

The achievement of high gain with inertial fusion requires the compression of

hydrogen isotopes to high density and temperatures. High densities can be achieved most

efficiently by isentropic compression. This requires relatively slow pressure pulses on the

order of 10-20 nanoseconds; however, the pressure profile must have the appropriate time

history [J. Nuckolls et. al. Nature, 239, 139, 1972]. We present 1-D numerical simulations

that indicate such a pressure profile can be generated by using pulsed power driven z

pinches. Although high compression is calculated, the fuel temperature is too low for

ignition. Ignition could be achieved by heating a small portion of this compressed fuel

with a short (-10 ps) high power laser pulse as previously described [M. Tabak et. al. Phys.

Plasmas 1, 1626, 1994]. Our 1-D calculations indicate that the existing Z-accelerator

could provide the driving current (~20 MA) necessary to compress fuel to roughly 1500

times solid density. At this density the required laser energy is approximately 10 kJ. Multi-

dimensional effects such as the Rayleigh-Taylor were not addressed in this brief numerical

study. These effects will undoubtedly lower fuel compression for a given drive current.

Therefore it is necessary to perform z-pinch driven compression experiments. Finally, we

present preliminary experimental data from the Z-accelerator indicating that current can

be efficiently delivered to appropriately small loads (~ 5 mm radius) and that VISAR can

be used measure high pressure during isentropic compression.
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I. Introduction

The achievement of high gain with inertial confinement fusion (ICF) requires the com-

pression of hydrogen isotopes to high density and temperatures. High densities are needed

so that a significant fraction of the nuclear fuel has fused before the target disassembles.

High densities can be achieved most efficiently when the compression does not increase

entropy or the compression is isentropic. During isentropic compression the pressure will

be approximately described by the relation

(1)

whereγ = 5/3 for an ideal or a Fermi degenerate gas,ρ is the density, P0 andρ0 are the ini-

tial pressure and density. The initial pressure depends of the entropy of the material being

compressed. The function is monotonically increasing with the entropy, S. Thus the

most efficient implosion maintains the entropy at the minimum value. Since heat input or

shock waves increase the entropy these must be avoided. A strong shock wave will be

formed if the pressure rises too quickly. The length of the pulse depends on the size of the

system. Typically ICF capsules have radii one to several mm, and the pressure pulse must

be from one to several tens of nanoseconds. Furthermore, the pressure profile must have

the appropriate time history1. At the beginning of the pulse the pressure is only slightly

greater than the strength of the material being compressed. Typically this is approximately

1 Megabar (~105 Pa). A weak shock wave is launched into the material that compresses

the material without a significant increase in the entropy. The driving pressure can then be

increased launching another weak shock, which will propagate at a faster velocity than the

first. All of these weak shocks can arrive at the center of the target at the same time result-

ing very high compression when an appropriate pressure profile is used. We present calcu-

lations indicating that such a pressure profile can be accomplished using pulsed power

driven z pinches. However, the fuel remains relatively cold during the compression.

P P0 S( ) ρ
ρ0
----- 

  γ
=

P0 S( )
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A small portion of the fuel could be raised to the high temperatures needed for ignition

(> 4 keV) with a short high power laser pulse (~ 10 ps) as described by Max Tabak et. al.2.

Only a portion of the fuel needs to be heated, since this “hot spot” will undergo fusion

(burn) and ignite the cold fuel surrounding it. Under the proper conditions a fusion detona-

tion wave travels through all of the cold fuel. A target ignited in this manner yields high

gain, since most of the fuel does not have to be raised to ignition temperatures directly.

The energy required to heat the hot spot depends linearly on the hot spot mass, which is

determined by the requirement that a significant fraction of the alpha particles produce by

the fusion reaction are deposited within the hot spot2. Thus the radius of the hot spot, rhs<

Rα/ρ, where the range of an alpha particle, Rα ~ 0.4 gm/cm2. The hot spot mass is Mhs=

(4/3)π /ρ2. The temperature of the hot spot must be raised above the ideal ignition tem-

perature. Assuming 3kT/2 of energy/particle at 10 keV the minimum hot spot energy is

Ehs=320/ρ2 MJ. This yields approximately 3 kJ at a density 1200 times the solid density of

frozen deuterium-tritium (DT). Numerical simulations indicate3 that hot electrons can be

generated at about 40% efficiency by a high intensity laser, Iλ2 = 1020 W cm-2 µm2. Thus

at this density approximately 7.5 kJ of laser energy would be required. This laser energy

must be delivered in a time less than the hot spot disassembly time,τD ~ Rα/csρ, which is

about 10 ps atρ = 300 gm/cm2.

Thus laser energy required for ignition (~ 10 kJ) is much less than the energy required

for compression (> 1 MJ). Consequently, the cost of driving inertial fusion could be

reduced significantly by combining these two technologies.

The natural geometry of z-pinch implosions is cylindrical. The convergence ratioη =

r0/r is limited by the Rayleigh-Taylor instability. Values of 10-20 are generally believed to

be possible for a liner implosion. Such values have been attained in wire array implosions.

Even assumingη = 20, Ehs ~ 40 kJ, which would require approximately 100 kJ of laser

energy. This is a rather large laser. Quasi-spherical implosions have the potential to

Rα
3
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increase the final density for a given compression ratio and could reduce the required laser

energy. However, such an implosion is more complicated than a purely cylindrical implo-

sion. In section II we consider the application of a strong magnetic field to inhibit the

transport of the alpha particles, which could potentially lower the hot spot energy require-

ment. Although the gain within the hot spot is improved by the presence of the magnetic

field, the propagation of the burn transverse to the magnetic field into the surrounding cold

fuel is inhibited. The net result is that introducing the magnetic field does not significantly

lower the hot spot energy needed to obtain propagating burn. In section III we consider

quasi-spherical z-pinch implosions. We present ideal 1-D calculations yielding com-

pressed fuel densities of 300 gm/cm2, with an accelerator drive current of only 20 MA. Of

course 2-D effects will degrade this performance, but the approach looks promising. In

section IV, we discuss a sequence of experiments to determine how effectively z pinches

can compress material and preliminary experimental results are presented. Finally, our

results are summarized in section V.

II. Magnetic inhibition of alpha particle transport

A strong magnetic field can be used to decrease the effective alpha particle range. The

cyclotron radius of a 3.5 MeV alpha particle is rcα = 53/B cm with B in Tesla. A very

strong axial magnetic field could be produced in a cylindrical system by imposing a strong

slow field (B ~ 1 MG) and then compressing the cylinder with an axial current. Lasnex4

has been used to calculate the implosion of such a cylindrical liner system. The simula-

tions indicated that DT densities of up to 50 gm/cm3 could be achieved with a drive cur-

rent that rises linearly up to a maximum value of 20 MA in 200 ns. The liner consisted of

solid DT (ρ = 0.25 gm/cm3) out to a radius of 3 mm, surrounded by a 0.3 mm layer of alu-

minum. The initial magnetic field of 1 MG was increased to greater than 200 MG. After

compression, a laser aimed along the axis could heat a small rod shaped region. Since the

B-field is in the z-direction, it does not significantly effect the alpha propagation in the z-
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direction. Thus the cylinder must be long enough so thatρz > Rα. Once the hot spot

ignites, the burn would propagate in the radial direction. The mass of this hot spot is then

Mhs= ρzπ . The energy required to heat the hot spot to 10 keV is then

 joules (2)

where B0 is the initial magnetic field. Assuming B0 = 200 T, andη =15, we obtain Ehs=

4.1kJ, which would require about 10 kJ of laser energy. If this was the whole story, intro-

ducing a magnetic field would dramatically reduce the laser energy required for ignition at

low fuel densities. However, the confinement time of the hot spot must also be considered.

Efficient burn of the hot spot fuel requires significant self heating. To estimate the degree

of self heating, we use the approximate relation

, (3)

where fα is the fraction of the alpha particles that are deposited within the hot spot, r0 is

the initial radius of the hot spot, and . The fusion power into alpha

particle heating of the hot spot is

, (4)

where Wb = 3.6x1018 watts-cm3/gm2. The presence of the strong magnetic field sup-

presses conduction losses so the dominant loss is due to hydrodynamic work

, (5)

where P is the pressure, v is the velocity, and r is the radius of the hot spot. The hot spot is

confined as long as the alpha heating exceeds the hydrodynamic losses. Thus combining

eqs (3)-(5), we obtain the condition

rcα
2

Ehs
4.2x1012

B0
2η4

----------------------=

f α
r0

r0 rα+
--------------- 

  2
≈
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ρ
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, (6)

where u = v(5mp/6kT)1/2, mp is the mass of a proton, and x = r/r0. Since the hot spot pres-

sure is much larger than the pressure of the surrounding cold fuel, the hot spot will expand

into the cold fuel. Cylindrical compression simulations with Lasnex indicate that the cold

fuel will be typically several hundred eV as compared to 10 keV for the hot spot. Ignoring

the pressure of the cold fuel we calculate the product ux using the snow plow model. The

governing equation of the snow plow model is

, (7)

where M is the mass of the hot spot plus the swept up cold fuel and A is the area of the

outer boundary of the hot spot. We assume that the fuel temperature stays constant, thus

the pressure is given by P0x
-2. This equation can be put into dimensionless form

, , (8)

whereτ = t/t0, and t0 = (ρ0r0
2/2P0)

1/2, which has the asymptotic solution∆(ux)2=1. The

net heating is the difference between the deposited alpha power and the hydrodynamic

work. We integrate the net heating rate over time, while the quantity is positive, and divide

by the initial energy to obtain the net energy generated in the hot spot for heating. We

divide this energy by the initial thermal energy of the hot spot and define this to be the

effective hot spot gain, Gh. To obtain propagating burn the hot spot must gain enough

energy to heat a layer of the cold surrounding fuel. Assuming the mass of this layer is

roughly equal to the hot spot mass, we expect that Gh must be approximately 2. Using eqs

(3)-(8) we have calculated the minimum value ofρ0r0 to achieve Gh = 2 within the hot spot

as a function of the ratio∆ = ρc/ρ0 ρc/ρ0, whereρc is the density of the cold fuel surround-

ing the hot spot. The results are shown in Fig. 1 for several values ofΓ = rcαρ0/Rα. The

parameterΓ indicates the degree of magnetization,Γ = 0 corresponds to infinite magneti-

ux fαWbρ0r0

ρ0

2P0
--------- 

  3 2/
6.3fαρ0r0≈≤

td
d Mṙ( ) PA=

τd
du 1 2∆u2x2–( )

x 1 ∆ x2 1–( )+( )
-----------------------------------------= u

τd
dx=
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zation, while corresponds to no magnetization. The results indicate that the mini-

mum ρ0r0 is reduced by applying a magnetic field. However, the minimum value ofρ0r0

does not go to zero even in the limit of infinite magnetic field (Γ = 0). This is because the

confinement time is proportional toρ0r0. Notice that the values ofρ0r0 decrease with

increasing∆, since increasing the density of the fuel surrounding the hot spot increases the

confinement of the hot spot. However, since the mass of the hot spot scales as(ρ0r0∆)2, the

minimum hot spot energy occurs for∆ = 1.

Fig. 1 The minimumρ0r0 is plotted as a function of∆ = ρc/ρ0, The curves are labelled
with values of Γ = rcαρ0/Rα.

Several 1-D cylindrical Lasnex calculations were performed to compare with this sim-

ple model. The geometry of these simulations is shown in Fig. 2. This geometry approxi-

mately represents the configuration of a liner at peak compression. For simplicity we

assume that all velocities are zero at the start of these simulations. In the first sequence of

simulations only the central hot spot was allowed to undergo the fusion reactions. The

density of both the hot spot and the cold DT was 50 gm/cm3 (∆ = 1), the density of the alu-
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minum was 60 gm/cm3, while ρ0r0 = 0.2 for the hot spot,ρ0r0 = 0.8 for the cold fuel, and

ρ0r0 = 1.0 for the aluminum pusher.

Fig. 2 Geometry of magnetized hot spot ignition simulations

Three magnetic field strengths B= (0, 225, 900) MG were used, corresponding toΓ = (1.0,

0.4, 0.1). The gain within the hot spot as defined above was Gh = (0.4, 0.5, 1.2). Clearly

the magnetic field increases the hot spot gain, although these gains are lower than pre-

dicted by the simple snow plow model. The snow plow model predicted Gh = 2 for Γ =

0.2. The simulations were repeated with fusion reactions allowed in the cold fuel region.

Propagating burn did not occur in any of these simulations. A second series of simulations

were performed withρ0r0 = 0.3 in the hot spot, andρ0r0 = 0.7. Two magnetic field

strengths B = (0, 225) MG were used, corresponding toΓ = (1.0, 0.4), and resulting in Gh

= (1.8, 2.3). In both of these cases a propagating burn wave occurred in the cold fuel; how-

ever, roughly 39% of the total fuel burned for the simulation without a magnetic field,

while approximately 21% of the fuel burned with the imbedded magnetic field. Appar-

Hot Spot (T=10 keV)

Cold DT fuel

Al pusher
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ently this is because the propagation of the burn wave was inhibited by the magnetic field.

We performed further Lasnex simulations with the hot spot density at 1/5 of the cold fuel

density, with similar behavior. We have plotted vertical bars in Fig. 1 to indicate theρ0r0

threshold for hot spot ignition of propagating burn into the surrounding cold fuel. The Las-

nex simulations indicate that there is little benefit to magnetizing the fuel as a means of

reducing the hot spot energy required to start propagating burn wave. Thus achieving high

density compressions seems to be the only way to keep the hot spot energy requirement at

a modest level.

III. Quasi-spherical isentropic z-pinch compression

The magnetic pressure is proportional to 1/rc
2 = 1/(rscos(θ))2, where rc/rs are the cylin-

drical/spherical radii. A quasi-spherical implosion can be obtained by tapering the liner so

that the liner thickness has the formσ = σ0/cos(θ)2. In addition slide cones must be pro-

vided to force the fuel to compress in the axial direction as shown in Fig 2. Quasi-spheri-

cal z-pinch compression has been demonstrated at moderate pressures5.

Fig. 3 A schematic of a quasi-spherical compression

However, at the high pressures needed to compress DT to a density near 300 gm/cm3, the

slide cones will be deformed. Furthermore, there will be sheared flow at the slide cone fuel

Slide cone

Fuel

liner
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interface, which will probably result in turbulent mixing. Thus it would be desirable to

laser heat the compressed fuel at the equator to avoid this region. Note that it should be

possible to obtain quasi-spherical compression without a pusher by starting a DT capsule

with an appropriate ellipsoidal shape that deforms into a sphere in reaction to the magnetic

pressure. These 2-D effects are difficult to calculate with any confidence. As a first step we

shall calculate the current wave form needed to drive an ideal system, i.e. fixed slide cones

and no turbulent mixing at the fuel interface.

The drive current needed to obtain a given fuel density is minimized when the pressure

profile results in isentropic compression. Kidder’s homogeneous isentropic compression

solution6 can be used to estimate the ideal drive current profile. The result is

, (9)

where I0 = 2πr0(2P0/µ0)
1/2, and t0 = (ρ0r0/dP0/dr0)

1/2. Numerical simulation with the 1-D

hydrodynamic code Bucky7 indicates that this profile does not work very well, probably

because the initial condition is not satisfied. A better profile is found to be

. (10)

The current profile from a typical pulsed power generator does not match this very well.

Typically the current rises almost linearly with time up to peak current. Simulations indi-

cate that such a current profile does not efficiently compress the fuel because a rather
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strong shock is launched into the fuel too early in the pulse. However, an appropriate cur-

rent drive profile can be obtained by magnetic flux compression as shown in Fig. 4.

Fig. 4 Flux compression geometry showing a possible path for the fast laser beam

All of the objects in figure have cylindrical symmetry except for the fast laser which

comes in a only one azimuthal angle. A seed field is generated by the current, Is, from a

feed inside the initial radius of the wire array, r0. This azimuthal field is then compressed

by the wire array implosion driven by the current Iw, which returns along rr. A laser path

could be provided along the midplane or possibly along the axis (not shown). The disad-

vantage of having the laser come in along the axis is that there will be mixing of the slide

cone material with the DT along the slip surface. Therefore the laser or the hot electrons

that it produces would have to penetrate through this layer to reach uncontaminated DT. If

Iw

Is

wire position

DT

rs

r0
rr

2h

optional
pusher fast laser beam

initial

final wire
position
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a pusher can be avoided, a laser coming in along the midplane would heat clean DT

directly. The equation of motion for the wire array is

, (11)

where IT is the current driven through the target. Assuming that the magnetic flux is con-

served between the wire array and the target, this current is given by the relation

, (12)

where L(t) is the time dependent inductance of the region between the wires and the target.

This inductance depends on both the motion of the wire array and the target. Since, the

motion of the target involves complicated hydrodynamics, we would like to estimate this

inductance without actually calculating the target radius as a function of time. Thus we

divide the inductance into two parts, L(t)=L1+L2. We let L1 be the inductance between the

initial target radius and the final target radius and we approximate this inductance with the

formula

, (13)

where rc is the initial capsule radius and we have assumed a final compression ratio of 10.

Then assuming that the wire can never go to a radius smaller than the capsule radius we

obtain the approximate formula

(14)

where the electrode radius is rE(z) = rsz/h, and rw(t) is the time dependent radius of the

wire array. The current Iw can be found by solving a simple lumped circuit element model

of a pulsed power accelerator, which yields the circuit equation

t2

2

d
d r µ0h

4πrM
-------------- Iw

2 IT
2–( )–=

IT

L 0( )Is

L t( )
----------------=
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µ0rch

πrs
------------- 10ln≈
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, (15)

where we have used circuit parameters appropriate for the Z-accelerator8, R=0.12, is the

machine impedance, LM = 14 nH is the machine inductance, and the voltage is input in

tabular form. The inductance of the wire array, Lw, depends on the shape of the electrodes,

as does the inductance of the region between the wires and the target. Thus the temporal

behavior of IT can then be modified by changing the ratio of rs/h. Equations (11)-(15) were

solved numerically. We found that rs/h ~ 1/2 gave a current profile that approximates eq.

(10) rather well. The resulting wave forms are shown in Fig. 5. In this calculation the seed

current was delivered with a constant dI/dt up to a peak value of 2.7 MA at 70 ns into the

pulse. During this period of time the wire array has not moved much. The radius has

decreased to 2.8 cm from the initial radius of 3.0 cm. After the seed current is injected the

wire array collapses on the field and drives the target current up to ~30 MA. The drive cur-

rent was only 10 MA, because the load was quite inductive due to the 6 cm height.

Fig. 5 Calculated current waveforms
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We used this calculated current profile delivered to the target to drive 1-D spherical

Bucky7 implosion simulations. This was implemented by a pressure boundary condition,

which we set to the magnetic pressure generated by the current as given by the expression

. (16)

A quasi-spherical implosion by shimming a pusher, using a hollow DT sphere with a

shimmed wall surface, or using a solid DT ellipsoidal shape that deforms into a sphere in

reaction to the magnetic pressure. We shall not address these issues here, but will just

assume a 1-D spherical compression to roughly determine the current drive needed to gen-

erate the desired compression. No pusher was used in these simulations, since using a

pusher would make it more difficult to bring the ignition laser energy into the fuel. In the

first simulation, a solid DT (ρ = 0.25 gm/cm3) sphere with an outer radius of 1.5 mm

obtained a peak fuel density of approximately 300 gm/cm2. The ion and electron tempera-

ture at peak compression was approximately 1 keV, which is well below ignition tempera-

ture so a fast laser would be needed to ignite the fuel. In the second simulation, the

configuration consisted of a hollow solid density shell (rout = 2mm, rin = 1mm) with an

inner lower density (ρ = 0.025 gm/cm3) region. The peak density in this simulation

reached 600 gm/cm3, while the peak temperature in the central region reached approxi-

mately 3 keV. Theρr of the central hot region was only 0.2 gm/cm2. These conditions are

not far from what is needed for ignition, which suggests that it might even be possible to

ignite the fuel without the use of a fast laser. These calculations are encouraging, but there

is important physics that has not been included. In particular, we have assumed that the

magnetic flux between the wire array and the target is conserved. However, this will cer-

tainly not be rigorously true. The electrode walls, the target and the wire array plasma will

have a finite resistivity and thus some of the magnetic flux will be absorbed by these sur-

faces.

PM
B2

2µ0
---------

µ0I2

8π2r2
--------------= =
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As a first step we have performed 1-D spherical Lasnex simulations of the flux compres-

sion process. The angle between the electrodes was made very small so the the problem is

essentially 1-D, since cosθ ~ 1. This removed the need to shim either the liner or the tar-

get. The geometry of the simulations is shown in Fig. 6

Fig. 6 Geometry for Lasnex simulations of magnetic flux compression

The Lasnex simulations were run with an exterior circuit model, which drives the cur-

rent Iw. The circuit parameters were set at values consistent with the existing Z-accelera-

tor. The capsule was solid DT with an initial radius of 2.0 mm, the liner plasma started at

an initial radius of 2 cm. A seed current of 2.7 MA applied to the region between the cap-

sule and the liner plasma resulted in the best compression. The simulations showed some

magnetic flux loss due to finite resistivity of the plasmas, but the peak DT densities were

nearly as high as the Bucky simulations, i.e.ρf ~ 250 gm/cm3 as compared to 300 gm/cm3

for the Bucky simulation. The peak ion temperature in these Lasnex simulations was

approximately 800 eV roughly consistent with the Bucky simulation of a solid DT cap-

sule.

These 1-D results are encouraging, since the maximum drive current is less than can

be delivered by the existing Z-accelerator and we estimate that approximately 10 kJ of

capsule

liner

Iw
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laser energy would be sufficient to ignite the compressed fuel at a density of 300 gm/cm3.

Such a laser should not be prohibitively expensive. However, we have not yet addressed

the effects of Rayleigh-Taylor (RT) instabilities or the deformation of the slide cones. The

Rayleigh-Taylor instability could strongly effect the penetration of the magnetic flux into

plasma surfaces. The deformation of the slide cones could result in lower compressions

than the 1-D calculations indicate. Furthermore, shear instabilities at the DT-cone inter-

face will mix some of the slide cone material into the fuel. Simulations to address these

effects are quite complex and are beyond the scope of this small study. We hope to tackle

these numerical problems in the near future. However, we believe that experiments will be

required to quantitatively determine the effects of these processes.

IV. Experimental plans and preliminary results

A graduated sequence of experiments will be needed to determine how effective z-

pinch driven compression will be toward attaining the high densities needed for a modest

energy fast igniter. Our first concern is the delivery of large currents (> 20 MA) to the

small z-pinch capsule (r ~ 2 mm), which corresponds to a current density of greater than

16 MA/cm. To address this issue we planned a sequence of coaxial transmission line loads

of decreasing inner and outer radius. We chose thick walled 304L stainless steel for the

electrode material to minimize cost and minimize hydrodynamic motion during the 100-ns

of the rising current pulse. Our first experiment delivered approximately 16.7 MA to a 6-

mm-diameter inner conductor and 12-mm-diameter outer conductor coaxial transmission

line with a total length of 1 cm, see Fig. 7. A conservative gap of 3 mm between the inner

and outer conductors was used even though there is evidence from other Z experiments

that gaps as small as 1.5 mm can be used. The current is measured by B-dot probes at a

radius of 6.4 cm. In addition, the pressure history at the electrode (radius ~ 1.4 cm) can be

inferred from the VISAR diagnostic, which uses laser interferometry to measure the back

surface velocity of an iron disk (0.5 mm thick by 3 mm diameter) imbedded in the anode.
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In this experiment, the peak current was expected to reach ~18 MA and, hence, generate a

maximum value of surface magnetic field of ~ 1.2 kT. The radial inward force on the cen-

ter conductor at peak current is calculated to be > 5 Mbar, which is beyond the yield

strength of steel. However, the wall thickness of the inner conductor is large enough that

inertia keeps this electrode from moving significantly. The magnetic field strength is sub-

stantially smaller at the location of the VISAR diagnostic due to the larger radius, but the

pressure is still approximately 240 kbar. At this pressure the equation of state of aluminum

is known well enough to unfold the pressure history at the electrode surface from the

velocity information obtained by the VISAR diagnostic.

Fig. 7 A schematic cross section of the load region

Data obtained from B-dot monitors from this Z shot (315) show that we successfully

delivered at least 16.7 MA to the short circuit coaxial load. The injected current wave form

measured at the vacuum interface and the load current wave form are plotted in Fig. 8.

These results show that up to 10 MA/cm can be efficiently delivered to a small z-pinch

load. We plan to continue these experiments with smaller inner diameters.

6 mm
Bdot

VISAR

Iron disks
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Fig. 8 Current wave forms for shot 315

We further plan to use thin walled hollow cylinders filled with foam to develop the

capability to compress materials. Note that a foam of appropriate density is a convenient

substitute for solid DT. Pressure measurements will be critical to determining the degree

of compression that is achieved. In addition such measurements can be used to determine

the equation of state (EOS) of various materials.

In developing the capability to diagnose these types of studies, techniques commonly

used in conventional impact generated experiments were implemented. The primary diag-

nostic presently being used for this work is velocity interferometry, VISAR9, which pro-

vides particle velocity measurements. Samples of copper and iron were placed at the

electrode position labelled VISAR as shown in Fig. 7. The equation of state of these mate-

rials is known well enough to unfold the pressure history at the electrode surface from the

velocity information obtained by the VISAR diagnostic10. Using the relation between

load current

injected current
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magnetic pressure and current as given by eq. (16), we obtained a peak current of approx-

imately 19 MA. This is in reasonably good agreement with the Bdot data.

Since the current rises roughly linearly with time this magnetic pressure does not pro-

duce a shock for most of the pressure pulse. Samples placed just beneath the electrode sur-

face were therefore loaded isentropically over a time duration of nearly 100 ns. The peak

magnetic pressure on the samples was approximately 300 kbar. The resulting free surface

particle velocity obtained on iron is shown in Fig. 9. which shows elastic yielding, the 130

kbar hcp-bcc crystallographic phase transition, and compression in the high pressure

phase. These data are consistent with previous shock wave data on iron.

Fig. 9 VISAR velocity measurements on an Fe sample (0.5 mm thick) loaded
isentropically.
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We plan to move the samples to smaller radii to determine if this technique continues to

work at higher pressures. Ultimately we plan to use this technique to measure pressure

profiles generated by z-pinch driven hollow cylinders compressing foam. Further down

the road, we plan to introduce slide cones to obtain higher compressions and to conduct a

series of experiments to study the potential of flux compression as one means to deliver

high currents with short rise-times to a small diameter z-pinch load.

V. Conclusions and future work

We have investigated the feasibility of using z-pinch implosions to compress isotopes

of hydrogen isentropically to high densities as is required for inertial fusion. This requires

relatively slow pressure pulses (10-20 ns) with an appropriate time history. We found that

this time history can be obtained most easily by the technique of magnetic flux compres-

sion. We also determined that quasi-spherical compression is required to obtain fuel densi-

ties high enough to seriously consider using a fast laser to ignite the fuel. We found that

magnetizing the fuel did not significantly affect the fuel density requirement to obtain high

gain. A series of 1-D numerical simulations indicated that DT could be compressed to

high densities with a drive current which could be provided by the existing Z-accelerator.

These simulations did not include 2-D effects such as the Rayleigh-Taylor instability, slide

cone deformation, or shear instabilities at the fuel slide cone interface. Each of these

effects could significantly reduce the fuel compression. We plan to study these effects both

numerically and experimentally in the future. We have presented data from our first exper-

iment, which indicates that current can be efficiently delivered to the small loads appropri-

ate to this approach to inertial fusion. This experiment also allowed us to test the VISAR

diagnostic approach to measuring pressures. This diagnostic will help us determine the

degree of fuel compression in future experiments.
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